FIGURES
.--Current activity, width, and water depth at terminus; size; and accumulation-area ratio for 33 large calving glaciers of Alaska. Table 2 .--Water depth, ice surface height, calving speed, rate of advance, and buoyancy ratio at the termini of 12 glaciers. Table 3 .-Calving-law forms and coefficients, fitted to the data given in Table 2 . Grounded, iceberg-calving glaciers terminating in shallow water advance or retreat slowly; those terminating in deep (>80 m) water retreat rapidly (>.5 km/y, table 1). Columbia Glacier is retreating off a terminal-moraine shoal so that the water depth at its terminus is deepening with time. This report predicts that the rate of retreat of Columbia Glacier will accelerate during the next two or three years, and that the annual discharge of icebergs will increase to a peak of about 8-11 km 3 /y (6-8 times the 1978 value) in the period 1982 to 1985 (figure 8). This prediction has an uncertainty of timing of at least one year. The maximum rate of calving is expected to be in late summer.
It is expected that the glacier will have retreated about 8 km by 1986, and that retreat will continue for several decades. This prediction it is 67 km long and 1,100 km 2 in area. It now ends on a moraine shoal in shallow water, but upglacier from the terminus the bed is about 400 m below sea level. Although the position of the terminus has been in a state of near equilibrium since 1794, evidence now suggests that rapid, drastic retreat may be imminent (Post, 1975; Meier and others, 1978; Meier and others, 1980) . Small icebergs, bergy bits, and growlers drift from Columbia Glacier toward and occasionally into Valdez Arm. Drastic retreat would substantially increase the discharge of ice and would thus increase the iceberg hazard to shipping. In order to determine when this might happen and how much the iceberg discharge would be increased, an intensive study was begun by the Geological Survey in 1977.
This document presents a prediction of the iceberg-discharge rate to be expected in the next decade, together with brief descriptions of the analysis and modeling methods. For further information see Post, 1975; Meier and others 1978; Mayo and others, 1979; Sikonia and Post, 1979; Hodge, 1979; and Meier and others, 1980 . Further documentation of the new methods and contributions to scientific knowledge resulting from this study will appear in forthcoming publications.
Prediction of the future discharge of icebergs from a calving glacier requires the solution of two interconnected problems. First, the future location of and the flow of ice to the terminus must be predicted. Second, the iceberg calving flux must be determined at the future terminus location.
The first is a problem in glacier-flow dynamics, but an unusual one because the location and the geometry of the terminus depends on the rate of iceberg calving. A calving law, which relates the rate of calving at any instant to certain characteristics of the terminus at that instant, must be used as the terminus boundary condition for the ice flow analysis, and also must be used to provide estimates of the future iceberg discharge that are required for practical applications (Meier and others, 1978, p. 4, 5 Research Vessel Growler together with the radio-controlled skiff Bergy Bit were used to collect data on water depth at the termini of these same glaciers and in the bays and fiords formerly occupied by these glaciers (Post, 1980a (Post, , 1980b (Post, , 1980c (Post, , 1980d , and also served as a base for studies of recent glacial histories. These observational data
show that:
(1) All glaciers with stable, advancing, or slowly retreating (2) All glaciers that are or were rapidly retreating (0.5 to 10 km/y) end in water more than 80-m deep, and, in general, the deeper the water the faster the retreat. All of the glaciers observed in the process of rapid retreat had retreated from terminal-moraine shoals upon which they terminated not more than 100 years ago.
(3) The rate of retreat of a rapidly retreating glacier is also influenced by channel shape. Shallows, narrows, and sharp turns in the channel all reduce the rate of retreat; a temporary halt in the recession lasting several years may occur at such a location. As a result, a glacier typically retreats by sudden, rapid recessions in broad, deep reaches interrupted by periods when the terminus is temporarily stationary where the channel is confined. As long as the water depth exceeds 80 m, however, calving ice is discharged more rapidly than it accumulates and the surface is lowered until the glacier makes another catastrophic recession to the next constriction in the channel. and only provides a small correction to the total flux.
The average thickness change flux Q,, is determined from
where G and GT are the volumes of the glacier at t = 0 and T respectively. 
Form of the Calving Law
An intuitive consideration of the stress distribution in the ice at the terminus of a calving glacier suggests that the calving speed is a function of some combination of the variables h , h , h, the force on the g w' bed g(p.h -p h ) where g is the acceleration of gravity, and/or on the i w w ice thickness necessary for flotation, hf = p h /p.. Thus the calving
law is assumed to have the form
w where $ = 1, h, h , h , or hf , and ¥ = h or (p.h -p h ), and c is a coefficient to be determined.
The possibility that calving is influenced by other variables such as accumulated strain, ice speed, water temperature, or state of the tide cannot be discounted. However, there is no direct evidence for Alaskan glaciers that these variables need to be separated explicitly. Studies at Columbia Glacier show that calving events are statistically uncorrelated with state of tide. On the other hand, seasonal runoff variations and lake-outburst events appear to cause sharply increased calving (Sikonia and Post, 1979) . This difficulty is partly avoided here by considering only yearly averages; unpredictable future outbursts add some uncertainty to yearly average predictions.
Equation 5 one independent-variable calving law. This calving law and the data on which it is based are illustrated in figure 2.
Obviously, such a calving law cannot be correct for a floating glacier. None of the calving glaciers observed were floating; the ratio of floating thickness to actual thickness does not exceed 0.93 for those glaciers listed in table 2. The calving speed to be expected if one of these glaciers were to float is unknown. Greenland outlet glaciers with floating termini exhibit high calving speeds; in the case of Jacobshavn
Glacier the calving speed exceeds 7 km per year.
FLOW MODELING Data Acquisition Program
The speed of flow of a glacier depends, in general, on the thickness, surface slope, shape of channel, and the rheological properties of ice (e.g., Paterson, 1969) . The discharge through a given cross section also is equal to the mass-balance rate minus the rate of change of thickness integrated over the surface area above that cross section (equation 2).
The original objective of this project was to measure velocity, thickness, slope, bed topography, mass balance, and rate of change of thickness at a large number of points over the glacier in the hope that the numerical values of the flow-law parameters could be closely estimated and the modeling could be confidently carried out. Because of the complexity of this large glacier and some difficulties in the field work, it was not possible to achieve this level of determination of the flow modeling.
Fortunately, sufficient data do exist so that gaps in coverage in important 14 areas can be filled in.
During the measurement year, defined as September 1, 1977, to August 30, 1978, a field program was undertaken to measure the flow, thickness, balance, and change in thickness at many points over Columbia
Glacier (Meier and others, 1978; Mayo and others, 1979) . Some measurement programs were extremely successful; for instance, surface velocity was measured about every 45 days at 200-300 points (Sikonia and Post, 1979) .
Some programs involved new procedures; for instance, mass-balance observations consider not only surface gains or losses and subsurface accumulation, but also subsurface melting due to loss of potential energy by the flowing ice (Mayo and others, 1979) . Unfortunately, the ice-thickness measurement program, in spite of considerable effort, was not as successful; only about 110 good measurements could be obtained. Thus it was necessary to use velocity and other data to infer ice thickness over large areas.
The data requirements for this project are extremely stringent compared with those normally encountered in glacier modeling. Glacier models often begin with a prescribed bedrock configuration and a massbalance function. The model then "grows" a simulated glacier; in the course of this growth over many simulated years, the condition of continuity and creep law of ice are obeyed. The resultant steady-state glacier is free of spurious transient effects. The Columbia Glacier prediction, on the other hand, begins with a markedly non-steady glacier, and then must simulate changes in the next ten years, as opposed to hundreds or thousands of years. If the data set does not obey continuity or the creep law throughout the solution region, then the ensuing simulation will include spurious mass redistribution. Thus, a sophisticated and time-consuming data adjustment and balancing procedure was required.
Data Adjustment Using the Continuity Equation
The volume flux Q through the cross section at x is given by 
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Values of h and h were measured at £ e (c); the average terminus advance X(c) was computed from At the terminus it is assumed that the speed at the surface equals that at depth, so ice speed V(c) is obtained from
The calving speed V (c) is defined by
Values of Q, X, V, V , h , and h at the tenninus were then found C W y integrating along the terminus face. Thus
X = and similarly for other variables. Also, average ice surface altitudes at £ = 0, 1,2, and 2.5 km were obtained from photogrammetric data at various times by similar integrations with respect to £.
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THE DYNAMIC MODEL
Predictions of the future behavior of Columbia Glacier were made using a one-dimensional numerical model of temperate-glacier flow developed by Bindschadler (1978) . This model has been used successfully in modeling the motion of the surge-type Variegated Glacier in Alaska and the calving Griesgletscher in Switzerland. For each time step, the model calculates the motion of the glacier at a series of transverse sections, and from mass continuity calculates how the surface will change.
Theory and experimental work indicate that the creep rate of ice can be expressed as e = Ax n (19) where e is the shear deformation rate, T is the corresponding shear stress, and A and n are the flow-law parameters. Within the ice the shear stress at a vertical depth z is T = p n -gz sin a (20) where p. is the density of the ice, g is the acceleration due to gravity, and a is the surface slope. When z=h, the ice thickness, equation 20
gives the maximum shear stress at the bed. This must be modified by a multiplicative shape factor, f, to give the average base stress over the complete transverse cross section (Nye, 1965) ,
Longitudinal stresses within the ice can be partially accounted for by averaging the local base stress (equation 21) over a region larger than ten times the ice thickness. For a fine grid spacing, use of the regional base-stress results in a numerical instability of the model, making it necessary to compute an "effective base stress", Teff = .8 T+ .2 T b (22) where T. is the regional base stress. This effective base stress linearly combines the regional and local stress values, preserving the basic smoothness of TL while allowing a numerically stable computation method. Values of the flow-law parameters, n=3, A=.l bar"^" 1 were assumed.
A profile of f(x) was estimated corresponding to theoretical values calculated for ice flow in a parabolic channel (Nye, 1965) . Then by making the best possible initial estimates of h(x), V(x), f*(x), X(x)% and A(x) based on available data, these quantities were adjusted within specified error bounds to produce a set of profiles which satisfied equations 19 through 25. The non-linearity of the system (equation 19) resulted in a self-consistent solution without major alterations required within any of the profiles. Columbia Glacier is presently thinning, and the rate of thinning is increasing with time (figure 6) (Sikonia and Post, 1979; Meier and others, 1980) The calving model predicts that the iceberg discharge from Columbia
Glacier will increase to a peak in the period 1982-85, and that the peak discharge will be in the range of 8-11 km 3 /y, about 6-8 times the 1978 discharge. By 1986 the glacier will have retreated about 8 km, and the iceberg discharge will have decreased to about three times that of 1978.
Retreat will then continue for several decades.
Unfortunately, it is not possible to define the timing of the drastic retreat more precisely. This is due in part to inaccuracies in the basic data and the simplifications and approximations to complex physical processes involved in the models. The ablation rate on the ice tongue in the next few years may be very different from that measured in 1977-78
(the 1979-80 winter was the snowiest on record), which will affect the timing of retreat. Perhaps most important, ice flow, calving, mass balance, and many other variables have very pronounced seasonal fluctuations. For instance, the calving flux averaged over periods of about 45 days in 1976-78 fluctuated between 0.5 and 2.8 km 3 /y* Yearly-averaged data were used in the models, causing an inherent error in timing of about 0.5 y. Due to the seasonality of calving, rapid retreat is likely to occur in late summer, but predicting the exact year is more difficult.
The calving flux predictions given in figure 8 are smooth curves.
It must be understood that not only should a seasonal fluctuation be superimposed on them, but also that calving is very sporadic and episodic.
Thus days will go by with very little calving; in other days the calving may be orders of magnitude more intense. These fluctuations will raise the peak calving fluxes far beyond those shown in figure 8.
As the glacier retreats, the terminal-moraine bar will form a natural barrier which will prevent the escape of extremely large icebergs, Bathymetric surveys of the moraine bar found water depths varying from awash to a maximum of 23 m at lower low water (Post, 1975) , thus limiting the size of escaping bergs to those having a draft of less than 30 m.
Larger bergs presently strand on the moraine, generally breaking into smaller fragments within a few hours which then drift over the moraine.
The largest bergs noted outside of the barrier have been about 100 m in their longest dimension, corresponding to a weight of about 100,000 tons.
Even bergs of this size melt rapidly in Prince William Sound; no bergs have been observed to survive more than a week, and no bergs have been observed at distances greater than about 30 km from the glacier.
Although limiting the size and the distance icebergs can drift, the presence of the moraine will not greatly restrict the discharge of icebergs. Thus rather than few giant bergs drifting out of Columbia Bay as they are released from the glacier, much larger numbers of smaller icebergs will be released over the moraine shoal more frequently.
The model results include prediction of slow retreat during the initial few years. A careful monitoring program, begun soon, could check these initial predictions. This would allow the predictions of rapid retreat and calving flux to be considerably refined. Standard error determined or estimated from precision and density of measurements, possible lack of sychroneity between different measurements, and in case of ice speed, estimated seasonal or short-term speed fluctuations compared with time interval of measurement. 2 1 using equation (1) directly, 2 using equations (3), (4), (1). Standard error determined or estimated from precision and density of measurements, possible lack of sychroneity between different measurements, and in case of ice speed, estimated seasonal or short-term speed fluctuations compared with time interval of measurement. 21 using equation (1) directly, 2 using equations (4), (5), (1).
on Standard error determined or estimated from precision and density of measurements, possible lack of sychroneity between different measurements, and in case of ice speed, estimated seasonal or short-term speed fluctuations compared with time interval of measurement. 2 1 using equation (1) directly, 2 using equations (4), (5), (1).
3 Thickness-change flux derived from topographic maps constructed from estimated longitudinal profiles based on known bed topography, known terminus position, and the assumption of constant basal shear stress. 'Method 1 uses equation (1) directly; Method 2 uses equations (3), (4), and (1) 20.14 -84.
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Method 1 uses equation (1) directly; Method 2 uses equations (3), (4), and (1)
